Abstract More than 100 years of research has focused on removing acute and chronic health threats to produce safe drinking water, but limited research has focused the consequences of removing minerals that affect drinking water taste and health. This paper covers the human sense of taste, typical variations in drinking water taste, comparisons of global taste standards, the role of water chemistry and future research needs for understanding consumer preference. Results of several consumer tap and bottled water acceptability investigations conducted by the authors are presented.
Introduction
Safe drinking water standards are heavily enforced in nations around the world to reduce consumer risk to acute and chronic health threats. While much research in the past 100 years has centred upon reducing contaminant health risk, the importance of taste and effects of removing vital nutrients during treatment has received little attention. In the absence of this research, "many consumers believe that natural mineral waters have medicinal properties or offer other health benefits" (WHO, 2005) . Research has not shown this linkage, but has revealed that the taste of drinking water can significantly impact consumer health.
Water is vital to life and taste has a profound effect on a person's willingness to drink water. When consumers encounter an unacceptable tasting drinking water they typically seek out alternative water sources (Levallois et al., 1999) . The explosive growth of the bottled water industry can be attributed to this notion (Kolodziej, 2004) . In addition, the emergence of point-of-use/point-of-entry water treatment devices and their installation in buildings and at consumer taps also signals that consumers are searching for ways to improve drinking water taste (Mackey et al., 2003) .
Drinking water consumers are also searching for ways to improve their health. Researchers have proved that taste and a consumer's level of hydration and disease state are related. Under strenuous conditions, water intake volume can vary as a function of drinking water taste (Szlyk et al., 1989 (Szlyk et al., , 1998 . Bad tasting water can prompt consumers to increase their risk of disease by seeking out a non-potable, but more palatable water source. This scenario is a significant concern to people around the world who must forage and treat their own drinking water.
On a global level, nutrient intake from drinking water is an emerging health concern. As advanced water treatment/membrane processes remove more and more minerals, the nutritional value of the product drinking water is questioned. In many cases minerals are added back into treated water to prevent distribution system infrastructure corrosion. Questions though remain of which vital nutrients and how much of each are needed for taste and health benefits. While researchers have proved that minerals are vital to nutrition and defence against disease, no one has determined the optimal drinking water mineral content necessary to maintain or improve health.
Limited research has focused the consequences of removing minerals that affect drinking water taste and health. The objectives of this manuscript were to: (1) review the human sense of taste and typical variations; (2) compare global taste standards; (3) evaluate the role of water chemistry; (4) identify future research needs for understanding consumer preference. Results of several consumer tap and bottled water acceptability investigations conducted by the authors are presented.
Consumer sensitivity to the taste of drinking water Consumers smell, taste and visually assess drinking water to form preferences. They feel it in their mouths, and sometimes listen to it as it pours into their glass. Water quality judgments are then made before, during and after tasting. Sweet, sour, bitter, salty and umami are the five basic tastes consumers attribute to foods. Other descriptors are also used for water such as metallic, musty and chlorinous, but these are not widely accepted tastes (Mallevialle and Suffet, 1987; Dietrich, 2006) .
Psychological and physiological factors also influence drinking water preferences. Psychological factors include personal experience, memory and external stimuli. Physiological factors include biochemistry, physical body factors, age, health and external factors such as humidity and temperature. Flavourants can also enhance tastes such as sweetness and bitterness (Frank et al., 1993) .
Consistency is one of the most important factors in consumer product satisfaction. Consumers do not want variations in their drinking waters. Individuals can notice changes to their local water quality -whether it is tap or bottled water (McGuire, 1995; Lawless and Heymann, 1998) . Based on the consumers' ability to detect changes in product consistency and their location in distribution systems, Whelton (2003) proposed that utilities monitor consumer feedback.
In US and Canadian surveys, the taste of water was found to be an important factor for consumers. A US survey of more than 1,700 bottled water users found that 39% chose bottled water because it tasted better, while only 18% said it was because of safety (Kolodziej, 2004) . In another US survey concerning home plumbing and drinking water, 76% said aesthetics (taste, odour, and colour) were important factors and one of the reasons why they used in-home treatment devices (Kleczyk et al., 2005) . A Canadian survey also revealed that approximately 50% of 2,009 people surveyed consumed tap water, and of those, 30% were dissatisfied with taste or flavour (Levallois et al., 1999) .
Exploring the role of water chemistry World variations, standards and non-mineral influential factors Waters are found in many "natural" flavours. Surface waters usually have higher dissolved oxygen, microbial, organic matter and particulate content as well as experience temperature variations from near freezing to warm. Groundwaters typically maintain a constant cool temperature but contain a higher mineral content, with fewer microorganisms and particulates. Water can be an important source of nutrients and micronutrients, such as calcium and copper and their concentration can be higher in hard waters. Other minerals can add salty, sweet or bitter tastes to water and are responsible for much of a waters' "mouth feel".
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Consumers typically taste common chemicals before they reach levels that affect health. The taste threshold concentration (TTC) is the concentration at which consumers can detect a taste, whereby below this level a taste is not detected. TTCs are highly dependent on the ions, associated ions, pH and water temperature (WHO, 2004) . TTCs are also dependent on a person's prior flavour evaluation experience, local water treatment practices and background tastes (Piriou et al., 2004) .
Many drinking water taste standards worldwide are based on mineral content. Claes et al. (1997) reported significant differences in maximum admissible mineral concentrations in drinking water for 13 Eastern and Western European countries. Some mineral standards reported include copper (0.1 -3.0 mg/l), iron (0.1-0.5 mg/l), manganese (0.05 -2.0 mg/l) and zinc (1.0 -5.0 mg/l). Table 1 compares standards from Canada, Europe and the US (van der Leeden et al., 1990; WHO, 2004) .
Water temperature is one of the most important factors influencing taste intensity and an individual's degree of liking for a water (Pangborn and Bertolero, 1972; Zellner et al., 1988) . Ideal drinking water temperature is 15-258C (cooler than body temperature). Tap water varies between 4-and 608C.
Water pH also strongly influences drinking water taste. A pH range of 6.5-8.5 is desirable to avoid a bitter taste. Outside this range, a metallic taste can occur at pH , 6.5, and a slippery feel or soda taste at pH . 8.5. Tap water pH is typically 7-8, but can vary from 5 to 11. Water pH can also influence bicarbonate and carbonate levels. HCO Daniels (1988) , when TDS is 1,000 mg/l, approximately 2% of the adult population may refuse to drink water, while at TDS $ 2,800 mg/l, 50% of the same population might refuse this water. Daniels (1988) conclusions were based on work conducted by Bruvold and Ongerth (1969) . Typical tap water ranges for low, moderate and high TDS waters are , 100, 101-250 and 251-500 mg/l concentrations, respectively. Water close to zero TDS has a flat taste. US drinking water palatability assessments have revealed the following TDS ratings: 80 mg/l excellent, 81 -450 mg/l good, 451-800 mg/l fair, 801-1,000 mg/l poor and . 1,000 mg/l unacceptable (Bruvold and Daniels, 1990) . Cations such as calcium, sodium and potassium impact drinking water taste. Calcium is common in water at levels found in saliva, and is also important in cellular metabolism and human health. Tastants such as Ca(HCO 3 ) 2 , CaSO 4 , CaCl 2 are likely to be dissolved in tap water. Calcium's TTC is 100-300 mg/l (WHO, 2004) . A neutral taste is encountered where CaCl 2 ,120 mg/l and Ca(HCO 3 ) 2 .610 mg/l, although when CaCl 2 is at levels . 350 mg/l, water is disliked. Sodium is also commonly found in water (TTC ¼ 200 mg/l). The optimum sodium concentration is 125 mg/l for distilled water and is typically found as NaHCO 3 and Na 2 SO 4 . Water is disliked when NaHCO 3 exceeds 630 mg/l and . 75 mg/l Na 2 CO 3 . Potassium is typically present at low levels as KHCO 3 , K 2 SO 4 , KCl, and is important at the cellular level of the taste buds. A low potassium concentration has positive effects on water acceptance. KCl acts similarly to NaCl in taste effects.
Metals such as magnesium, iron, copper, zinc and manganese influence taste. The level of magnesium that people report as having an objectionable taste is affected by the anion with which it is associated. Magnesium is typically present in water as MgCO 3 , Mg(HCO 3 ) 2 , MgSO 4 , and MgCl 2 , can impart an astringent taste, and can be tasted at 100-500 mg/l (Lockhart et al., 1955) . Water containing magnesium salts at 1,000 mg/l has been considered acceptable (Bruvold and Pangborn, 1966) . Consumers dislike water containing MgCl 2 . 47 mg/l and Mg(HCO 3 ) 2 .58 mg/l. Iron is typically present in soluble, suspended or hydroxide forms, and can be tasted at 0.1-1.0 mg/l. Most iron drinking water standards are 0.3 mg/l because of laundry staining, turbidity and colour formation, but iron can also impart a bitter or metallic taste. Copper can be detected at , 1 mg/l; although, when the copper concentration exceeds about 4 mg/l, gastrointestinal upset, a bitter taste and toxicity can occur (Cohen et al., 1960; Pizzaro et al., 1999; Dietrich et al., 2004) . Zinc can be detected as ZnSO 4 at 4 mg/l. Manganese has been found to impart an astringent taste (TTC ¼ 0.05 mg/l). Manganese levels should be low in tap water, near levels found in saliva.
Anions such as bicarbonate, chloride and sulphate also impact taste. At neutral pH bicarbonate is more common than carbonate and helps keep cations in solution. Much lower levels of bicarbonate occur in tap water than would be found in saliva. In contrast, carbonate increases at higher pH and at lower dissolved CO 2 levels. Aeration also adds O 2 and removes CO 2 , promoting carbonate precipitation. The TTC for chloride is 200-300 mg/l (Ricter and MacLean, 1939; Lockhart et al., 1955) . Increased chloride levels in water, in the presence of sodium, calcium, potassium, and magnesium can cause water to become objectionable. Preference testing has revealed that water containing NaCl ,290 mg/l is acceptable and NaCl . 465 mg/l is disliked. Saliva contains NaCl . 500 mg/l. Testing also indicates that CaCl 2 , 120 mg/l is neutral, while CaCl 2 . 350 mg/l is disliked. Tap water chloride concentrations should be well below concentrations that cause salty taste problems and levels found in saliva. Sulphate has minimal taste impact at low levels (TTC ¼ 200-400 mg/l). Sulphate though can act as a A.J. Whelton et al. 286 laxative at high levels and impart a salty taste. Common aqueous sulphate compounds include CaSO 4 , Na 2 SO 4 , MgSO 4 , Al 2 (SO 4 ) 3 and K 2 SO 4 . Consumers dislike water containing Na 2 SO 4 . 1,000 mg/l, MgSO 4 . 840 mg/l and CaSO 4 . 1,020 mg/l. The taste of distilled water is improved when CaSO 4 . 270 mg/l. Sulphate also suppresses magnesium and reduces the effects of calcium. Tap water should contain low levels of sulphate.
Consumer taste studies Military drinking water acceptability
A US Army study determined the acceptability of chlorinated field drinking water . This investigation was conducted in response to taste and odour complaints from field soldiers. A five-point scale was used to rate water acceptability: unacceptable, somewhat unacceptable, neither acceptable or unacceptable, somewhat acceptable and acceptable. bottled water brand A samples were presented to panellists and contained 0, 1, 2.5 and 5 mg/l free chlorine concentrations, pH 7.1-7.4, and were chilled (08C), room temperature (218C) and warm (358C).
The two most acceptable waters based on the participants selecting them were served chilled and at room temperature. The two most unacceptable waters were those that were warm. Preferences were significant based on water temperature and not chlorine concentration. In all cases, the participants felt that the colder water sample was more acceptable than the warmer one. Pangborn and Bertolero (1972) and Whelton and Dietrich (2004) have proved that water temperature and free chlorine concentration affect a person's perception. Based on previous research, field equipment is being outfitted with water chillers to improve drinking water taste (Ryzack, 2004) . Consumer preference and difference testing was performed on tap water from a conventional surface water treatment plant that used free chlorine. The same tap water was filtered by a commercial-off-the-shelf (COTS) filter that comprised granular activated carbon and ion exchange resin (Cuppett, 2004) . Water samples were evaluated using discrimination and preference tests. The ionic and carbon content of the waters are presented in Tables 2 and 3 . Results indicate that the filter removed approximately 80% of the free chlorine, 30% of the inorganic and organic carbon and 15% of the TDS. The COTS filter specifically removed 85% of the calcium, 80% of the magnesium, and increased the sodium and potassium by 11% and 900%, respectively. Discrimination testing (which determines whether a difference can be detected) revealed a significant difference between the tap and filtered water samples. In a separate 56 person paired-comparison test (which determines if one water is preferred over another water), no significant preference for the tap or filtered water samples was found. While panellists could detect a difference between the two waters they did not prefer one water over another. Results also indicated that individuals detected differences in the chlorine and mineral content of water, but their ability to detect a difference did not influence a preference based on chlorine and/or mineral content.
Comparison of tap and commercial bottled waters
One tap water source and seven commercial bottled waters were analysed to determine how water quality parameters might be associated with taste perception at room temperature (Tables 4 and 5) . Results indicate that brand A bottled water samples were found different from brand B bottled water due to a plastic taste. Also, neither brand A nor brand B could be differentiated from distilled water. Additional findings were that brand B could be differentiated from Philadelphia tap water (mean pH 7.2) due to a plastic taste and lack of chlorinous, musty and metallic tastes. Brand A bottled water could not be differentiated from Philadelphia tap water. Mean Philadelphia tap water levels are (mg/L): total hardness (88), TDS (175), alkalinity (41) 
Conclusion
The optimum mineral content for excellent drinking water taste and improved health has not been thoroughly investigated. Literature reports have identified a strong link between taste and consumer health. Several studies in our laboratories indicate that consumers can taste the differences between some but not all brands of bottled water and their local tap water. Many individuals can also perceive differences in water quality or detect off-tastes at values well below those indicated by drinking water taste standards of nations worldwide. Our results identify that different individuals have different preferences and these preferences can directly relate to mineral content. Research is needed to identify specific drinking water characteristics and concentrations that cause consumers to choose to seek another water source, purchase a household treatment device or purchase bottled water. Existing drinking water standards are based on individual constituent taste tolerances. Table 6 provides a summary of information concerning drinking water minerals and their effect on taste.
